ABSTRACT: Knowledge of relationships between prey availability and predator performance is the key to using predators as indicators of the state of marine systems and to assessing potential consequences of competition between natural predators and man for common resources. Fluctuations in the abundance of Antarctic knll are beiieved to have a substantial influence on the reproductive performance of krill-dependent top predator species in the Southern Ocean; few quantifications of such interactions exist. At South Georgia, for 2 years in which acoustic surveys revealed a major difference in knll abundance, we compared diet, prov~sioning of offspring and breeding success in 4 main predator species ( 2 penguins, 2 albatrosses, with supporting data from Antarctic fur seal) whose dependence on k r d typically ranges from 20 to 90%. The 4-fold difference in krill biomass between 1986 (ca 30 g m-2) and 1994 (ca 7 g m-2) was accompanied by (1) an 88 to 90% reduction in the mass of krill in predator dlets (and some increase in the fish component), (2) greater prey diversity for most species, (3) reduced diet overlap between species and (4) a switch from krill to amphipods in macaroni penguin but no major dietary change in other species. Rates of provisioning of offspring decreased by 90% in gentoo penguin and 40 to 50% in the other 3 species; this was due to reduced meal size in penguins (by 90% in gentoo and 50% in macaroni) and to doubling of foraging trip duration in albatrosses. Breeding success was reduced by 50% in grey-headed albatross (the species least dependent on krill), by 90% in black-browed albatross and gentoo penguin (only 3 to 4 % of eggs producing fledged chicks) but by only 10% in macaroni penguin, presumably reflecting its a b 5 t y to switch to small prey unprofitable for the other species. However, all species (except for black-browed albatross), particularly macaroni penguin, produced fledglings significantly lighter than usual, probably affecting their subsequent survival. Some effects on adult survival could also be inferred. Our results show a coherent, though complex, pattern of within and between species similarities and differences. These mainly reflect the degree of dependence on krill, the feasibility of taking alternative prey and constraints on trip duration andlor meal size imposed by foraging adaptations (especially relating to travel speeds and diving abilities, whereby flightless divers and pelagic foragers differ markedly). The generality of these principles are explored through comparison with other studies, particularly of Shetland seabirds.
INTRODUCTION
cess) are, therefore, potentially vulnerable to fluctuations (whether natural or anthropogenic) in availability In marine systems many top predators specialise on of their main prey. Such circumstances are the basis for particular classes or species of prey. Their breeding many long term studies seeking to use variation in populations and especially productivity (breeding sucpredator populations and/or breeding performance as indicators of variations in prey abundance and/or availability (Croxall & Prince 1979 , Cairns 1987 , Crox-'E-mail: j.croxall@bas.ac.uk all et al. 1988 , Montevecchi et al. 1988 , Monaghan et al. 1989 , Montevecchi & Berruti 1991 , Furness & Greenwood 1993 , Hamer et al. 1993 , Ainley et al. 1995 , Monaghan 1996 . However, in very few studies are estimates of prey abundance, independent of those derived from predator diet or breeding success, available (Anderson et al. 1982 , Burger & Piatt 1990 . Furthermore, the ability even of specialist predators to switch to alternative prey is poorly understood. Antarctic krill Euphausia superba is a key food resource for many species of top predators in the Southern Ocean (Croxall & Prince 1980 , Croxall 1984 , Reid & Arnould 1996 . This is particularly the case in the austral summer (the maln predator breeding season) and in the Antarctic and sub-Antarctic (especially South Georgia) regions of the South Atlantic sector. However, there are clear indications that, from time-to-time, the availability of krill to top predators, either locally or regionally, is substantially reduced , Priddle et al. 1988 , Lunn et al. 1994 . Much of the evidence for this is relatively circumstantial, usually being derived retrospectively from reduced reproductive performance of one or more of the predators of krill. Very seldom have concurrent quantitative data been available on predator diets and on the abundance of krill at appropriate scales. Indeed, in only 2 years in the last decades, 1986 and 1994, has the detailed annual monitoring of breeding population size and performance of a range of key species of top predators at Bird Island, South Georgia , Prince et al. 1994 , Boyd et al. 1995 , Croxall & Rothery 1995 , been accompanied by quantitative research into their diets in conjunction with simultaneous assessment of krill abundance and availability in surrounding waters (Brierley 8 Watkins 1996, C. Goss unpubl. data) .
In this paper we compare data on predator diet, breeding population size and productivity at South Georgia in the austral summers of 1985/86 and 1993/94 in the light of the results of acoustic echo-integration surveys which indicated that around South Georgia in 1993/94 krill was very scarce and patchy in abundance and distribution (Brierley et al. 1997 ) and several-fold less abundant than in some previous years (including 1986) when comparable surveys had taken place.
In particular we ask (1) How well do predator diets reflect the potential differences in krill availability in 1986 and 1994? (2) Are any predator species able to compensate for low availability of krill by switching to other prey? and (3) How do differences in predator diet between years relate to breeding success in these years?
In addition to their intrinsic interest, the answers to these questions also make potentially important contributions to the evaluation of results from long-term monitoring studies of breeding population size and success in top predators in general and in the Antarctic in particular. The difficulties and costs of conducting annual surveys of krill distribution and abundance at appropriate spatial scales make the use of indices of predator performance to assess krill abundance particularly attractive. However this requires that the nature of interactions between predator and prey (often referred to as functional relationships-see Butterworth & Thompson 1995) is adequately understood.
METHODS

Study species.
For critical comparisons between 1986 and 1994 we focused on 4 species: 2 aerial pelagic foragers (grey-headed and black-browed albatrosses Diomedea chrysostoma and D. melanophns) and 2 flightless diving foragers (gentoo and macaroni penguins Pygoscelis papua and Eudyptes chrysolophus). In both years we have comprehensive quantitative data on composition of the diet, on the size of krill taken and on breeding population size and breeding success; similar data are also available in some other years. In addition, for Antarctic fur seals Arctocephalus gazella we have data on composition of the diet (in terms of frequency of occurrence), on the size of krill taken and the population size and breeding success in both years For Antarctic prions Pachyptila desolata we have data on composition of the diet in both years.
Diet. Food samples were collected at weekly intervals during February of both 1986 and 1994 from adults of all species returning to feed offspring at Bird Island, South Georgia. Samples from penguins were collected by stomach lavage (Wilson 1984) using the method of CCAMLR (1995), whereas samples from albatrosses were collected by intercepting meals immediately prior to the chick being fed (see Prince 1980b) . Antarctic prion samples were collected as spontaneous regurgitations from adults mist netted above breeding burrows (see Prince 1980a) . Samples from Antarctic fur seal were obtained by lavaging lactating females immediately after they arrived ashore in 1986 and by collecting faeces (scats) in 1994 (see Reid & Arnould 1996) . All samples were weighed, then separated into 3 main prey categories (crustacean, cephalopod, fish); the mass of each category, along with any unidentified material was recorded. All cephalopod lower mandibles and fish otoliths were identified and measured following Clarke (1986) , Hecht (1987) , Williams & McEldowney (1990) and Reid (1996) and by reference to collections and unpublished data at the British Antarctic Survey (BAS) (see e.g. Reid et al. 1996a ).
Crustaceans were identified in association with appropriate BAS specialists using extensive reference collections from the South Georgia area. The sex and maturity stages of krill were assessed using the method of Makarov & Denys (1981) following the nomenclature of Hill (1990) . The total length (AT) of krill was measured using the removed carapace length (RCL) and the appropriate regression relationship for each maturity/sex stage as given in Hill (1990) .
The occurrence of each prey taxon is represented by its frequency of occurrence (the total number of samples in which the taxon was recorded/total number of samples) and proportionate mass (the total mass of the taxon/mass of all samples). Only frequency of occurrence data are available from the fur seal samples. The mass of euphausiids and the amphipod Themisto gaudichaudii was obtained by direct weighing; the mass of each cephalopod and fish taxon was estimated using the contribution of that taxon to the reconstructed mass of the prey group. Diet diversity was quantified using Shannon-Weaver (1949) indices, and dietary overlap indices were calculated by a modified version of Morisita's equation adapted from Diamond (1983) ; the overlap index C is given by : where S is the number of categories represented in the diets of species X and y. Population size and breeding success. For albatrosses and penguins the number of pairs laying eggs and the proportion of these pairs successfully rearing chicks has been recorded at the same selected study colonies on Bird Island in each year since 1976 (see e.g Croxall et al. 1988 , Prince et al. 1994 . For Antarctic fur seals the number of females giving birth and the survival of pups to 6-8 wk of age has been recorded annually at the same study site on Bird Island since 1981 (see Croxall et al. 1988 , Lunn et al. 1994 , Boyd et al. 1995 .
Prey availability. Acoustic estimates of krill abundance were conducted using standard techniques; cruise and survey details are given in Brierley et al. (1998) ; most details, especially relating to survey design, area, equipment and methodology is also provided in Hunt et al. (1992) and Brierley & Watkins (1996) .
RESULTS
Diet
Full details of the composition of the diets of albatrosses and penguins in 1986 can be found in Croxall et al. (1997 Appendix 1 therein) ; equivalent details for 1994 are given here in Appendix 1. Overall diet composition in the 2 yr is sunlnlarised in Table 1 and compared with the average diet for all other years for which we have data. In broad terms, these data indicate that the 4 species selected for the main study can be placed in a graded sequence of increasing dependence on krill, at least with respect to data for 1986 and 1976 to 1995. Thus grey-headed albatrosses are least For all species, however, there were significant differences in diet between 1986 and 1994 ( Table 1 ). The main difference was the substantially lower contribution of krill to the diet in 1994, with values only 9 % (grey-headed albatross) to 14 % (macaroni penguin) of those in 1986 (i.e. about a 90% reduction in importance). All species showed an increase in the contribution of fish to their diet in 1994, with values between 15 % (macaroni penguin) and 41 % (black-browed albatross) higher than in 1986. The proportion of squid in albatross diet was lower in 1994 by 26% (blackbrowed albatross) to 47 % (grey-headed albatross) but essentially unchanged in penguins, for which squid is little more than a trace component of the diet. Macaroni penguin diet was unusual in 1994 in that it was largely comprised of amphipods.
Crustaceans
In addition to the differences in the proportions of knll taken by albatrosses and penguins in 1986 and 1994, the nature of these krill was different between the 2 years. Krill were larger in 1986, with significant differences in the length-frequency distribution of krill taken by macaroni (Kolmogorov-Smirnov D = 0.92, p < 0.001) and gentoo penguins (Kolmogorov-Smirnov D = 0.90, p < 0.01) (Fig. 1 ) and in the maturityhex stage composition of krill taken by macaroni (Xi = 557.1, p < 0.01) and gentoo penguins (Xi = 62.9, p <0.001) (Fig. 2) .
Sexually active female krill were rare or absent in 1994 but were the commonest category in 1986; conversely, juvenile, sub-adult female and sexually non-active female krill dominated the 1994 samples.
There was insufficient krill in samples from albatrosses in 1994 for comparison between years but the size and status of krill in their diets in 1986 was very similar indeed to those of the penguins (Reid et al. 1996b) . Krill occurred in all samples from Antarctic fur seals in 1986 and in 88 % of samples in 1994. The size of knll taken by Antarctic fur seals was significantly different between years (Kolmogorov-Smirnov D = 0.71, p c 0.001) and did not differ significantly from the krill taken by gentoo penguins in either year (Fig. 2) .
Fish
Fish formed a much larger part of the diet of each species in 1994 than in 1986 and was the dominant prey type in the diet of 3 of the 4 seabird predators (not macaroni penguin) in 1994 ( Table 1 ). There were also substantial differences in the composition of the fish diet between the 2 years ( Fig. 3) . Thus only 3 fish species (the lamprey Geotna australis in grey-headed albatrosses, the icefish Champsocephalus gunnan in gentoo penguins and the myctophid Krefftichthys anderssoni in macaroni penguins) occurred in more than 1 sample from the same seabird species in both years.
In the diet of both species of albatross the dominant fish species in 1986 was either absent (the nototheniid Patagonotothen gunthen in black-browed albatrosses)
Macaroni penguin
Genioo penguin Antarctic fur seal 1986 .- (1990) or formed a much smaller part of the diet (Geotna australis in grey-headed albatrosses) in 1994. None of the dominant fish species in 1994-the icefish Pseudochaenichthys georgianus (grey-headed albatross), the paralepid Magnisudis prionosa (both species) and Champsocephalus gunnan' (black-browed albatross)-was present in the diet in 1986. The most important fish species in the diet of gentoo penguins, Champsocephalus gunnan, formed 27 % by mass of the diet in 1986 and 81 % in 1994, when it was the single most important prey item. A combination of icefish and myctophids formed a small proportion of the diet of macaroni penguins in both years.
There were no fish remains in samples from Antarctic fur seals in 1986; however, 78 % of scats collected in 1994 contained fish. This was considerably more than in the 3 previous summers (range 10 to 67%); the myctophid Protomyctophurn choriodon was the most numerous fish species in all years, including 1994 (Reid & Arnould 1996) .
Cephalopods
Of all main prey types, the squid element of the diet differed least between 1986 and 1994, with the ommastrephid Martialia hyadesi being the dominant cephalopod species in the diet of both grey-headed and black-browed albatrosses in both years, although forming a smaller proportion of the cephalopod portion of the diet in the latter species. The onychoteuthid Kondakovia longirnana and the cranchid Galiteuthis glacialis were also common in the diets of both albatross species; together these 3 species contributed 86 to 100% and 88 to 94 % of the cephalopod diet of greyheaded and black-browed albatrosses, respectively.
Cephalopods formed a small part of the diet of gentoo penguins in 1986 and of gentoo and macaroni penguins in 1994. It was not possible to identify to species any of the fragmentary cephalopod remains in the diet of gentoo penguins in 1986; however, in 1994 the octopod Brachioteuthis picta was found in 3 samples from both penguin species while Kondakovia longimana and Martialia hyadesi were found in 6 and 2 samples, respectively, in the diet of macaroni penguins.
Diet diversity and overlap
In each of the seabird species studied there was only 1 prey species which contributed more than 5% by mass to the diet in both 1986 and 1994 (Fig. 3) ; these were Martialia hyadesi in both albatross species, krill in macaroni penguins and Champsocephalus gunnan in gentoo penguins. The diet diversity indices (H) for both black-browed albatrosses and yentoo penguins were very similar in 1986 and 1994, whereas there was a greater diversity in the diet of grey-headed albatrosses and macaroni penguins in 1994 compared to 1986 (Fig. 3) .
Dietary overlap in 1986 was much greater than in 1994 (Table 2) , average values across all species being 0.55 and 0.20, respectively. However, if macaroni penguin, the species whose diet changed most between 1986 and 1994 is excluded, the difference is somewhat reduced, being 0.51 and 0.36, respectively. If greyheaded albatross, the species eating least krill, is excluded, then the difference is accentuated, the 1986 and 1994 values becoming 0.75 and 0.07, respectively. Between the 2 albatross species, overlap in the 2 years was very similar, whereas between penguins it was reduced from 0.91 in 1986 to 0.08 in 1994. Overlap Taken together, these results suggest that the most decisive influence on the major decrease in dietary overlap in 1994 in comparison with 1986, was the switch in macaroni penguin diet from krill to amphipods, with the divergence in fish diet between black-browed albatrosses and gentoo penguins also contributing.
Provisioning rate
The rate at which energy is delivered by parents to offspring involves the size (and energy density) and frequency of meals.
Meal size
The mean mass of food samples obtained from greyheaded albatrosses was significantly greater in 1986 ( (Prince 1980b ). The meal sizes in both years were smaller than the mean between 1976 and 1980, although this may reflect more extended sampling periods in the other years (e.g. in 1986 the mean mass of samples collected between February and May was 601 g ) compared to 528 g for February only (the data used in this study). In samples from black-browed albatrosses there was no significant difference between years in the mass of food delivered, in either overall mass (Table 3) or as solid remains (242.2 vs 232.5 g; F , , , 7 g , = 0.14, ns). In contrast, meals delivered to penguin chicks were very significantly smaller in 1994 than 1986 (Table 3) and also when compared with the average from 11-13 other years between 1977 and 1995 (Croxall et al. 1988 and BAS unpublished data) . The difference between years was, however, much greater for gentoo penguins (1994 meal mass only 9 % of that in 1986) than for macaroni penguins (1994 meal mass 62% of 1986 values).
Meal frequency
For penguins, the interval between the delivery of successive feeds to the chick by an individual bird was slightly, but not significantly, longer in 1994 than 1986. Gentoo penguin foraging trips in 1986 lasted 9.8 k 2.7 h (n = 128) compared with 12.1 * 3.6 h (n = 40) in 1994.
Macaroni penguin trlps are bimodal and in 1986 lasted either 11.8 + 2.1 h (n = 130) or 28.2 + 5.5 h (n = 52), compared with 12.5 2.5 h (n = 30) or 30.7 + 6.2 (n = 15) in 1994 (Croxall et al. 1988 and BAS unpubl. data) .
For albatrosses, foraging trips by both species normally last approximately 48 h and are not significantly different between species (Pennycuick et al. 1984 . In 1994 however, the duration of trips was significantly longer, at 94.4 + 75.4 h (n = 79), being almost double the 1986 value of 52.2 ? 36.8 h (n = 41).
The mean duration of foraging trips in Antarctic fur seals was also exceptionally long in 1994, being in excess of 14 d (1. L. Boyd unpubl. data), compared with a mean of 4.6 d for the 10 yr 1984 to 1993 and 3.7 * 1.1 d (n = 168) in 1986 (Croxall et al. 1988 and BAS unpubl. data) .
Provisioning rate
Combining data on meal frequency, meal size and energy density of meals (using composition data and mean energy density of main prey-see Croxall et al. 1984) enables estimation of the rates of energy delivery by parents to offspring in 1986 and 1994 (Table 4) . This indicates that rates in 1994 were about one-half those in 1986 for grey-headed albatross, black-browed albatross and macaroni penguin and about one-tenth for gentoo penguin. For the albatrosses the differences mainly relate to meal frequency, for the penguins to meal size.
Population size and breeding success
In 1994, study populations of all seabird species and of Antarctic fur seal had substantially fewer individuals breeding than in 1986 (Table 5) . Furthermore, the breeding populations in 1994 were well below the mean values from the long term (10 to 20 yr) records, whereas 1986 values were all above this average. In 1994, all species also had fewer breeding individuals than in 1993, though only for gentoo penguin (18% fewer) and grey-headed albatross (17% fewer) were the differences substantial. The relatively reduced population of the latter species is purely due to the existence of 2 alternating demipopulations in this biennially breeding species . In terms of breeding success over a 19 yr period at the same study colonies (Table 5) , 1986 was a year of average (gentoo penguin, Antarctic fur seal) or better than average (macaroni penguin, black-browed and grey-headed albatrosses) performance for all species. In contrast, in 1994, black-browed albatross and gentoo penguin populations suffered almost complete reproductive failure, with only 4 % and 3 % of eggs, respectively, producing fledged chicks. Grey-headed albatrosses had slightly (7 %) lower breeding success than usual, whereas that of macaroni penguins was essentially unchanged.
For those offspring that survived, w e can use data on their mass at independence (Table 5 ) to assess their condition at this time, and, indirectly, their potential for subsequent survival. For gentoo and macaroni penguins the mean fledging mass in 1994 was significantly lower than the overall mean value between 1989 and 1995 (l-way ANOVA: gentoo F,1,5!rll = 34.68, p i 0.001; macaroni F,l,tQq, = 64.52, p < 0.001). Weaning mass of Antarctic fur seal pups in 1994 was lower than both the overall mean (from 13 other years, l-way ANOVA:
6' F(1,597j = 21.74, p < 0.001; Q Fll,ssj) = 18.54, p < 0.001) and the value for 1986 (l-way ANOVA: d F~l , l o , , = 47.56, p < 0.001; Q = 34.98, p < 0.001). Greyheaded albatross chicks attained a lower peak mass in 1994 compared to 1986 (tz2 = 7.30, p < 0.05) and were significantly lighter at fledging in 1994 than the mean value for 1989 to 1995 (l-way ANOVA: F(1,170) = 4.74, p < 0.05). In contrast, the 5 surviving black-browed albatross chicks attained a heavier, but not significantly so (l-way ANOVA: = 2.66, ns), average mass than the mean value between 1989 and 1995.
DISCUSSION
Prey availability in 1986 and 1994
In 1994, acoustic transect surveys to assess distribution and to estimate biomass of krill were carried out in areas to the northeast and northwest of South Georgia (Brierley & Watkins 1996) . The westernmost of these areas lies immediately to the northwest of Bird Island and falls within the main foraging grounds of Bird Island populations of Antarctic fur seal (Boyd et al. 1998) , black-browed albatross ) and macaroni penguin ) and part of the foraging areas of grey-headed albatross . Although gentoo penguin foraging is restricted to inshore areas (Williams 1991 , Williams et al. 1992a and does not overlap with the survey area, this penguin nevertheless depends for its krill prey on supplies advected from adjacent offshore areas.
The 1994 survey showed krill to be very scarce; at only 7.4 g m-2 (wet mass), abundance was the second lowest in the 11 yr time series since 1981 (Brierley et al. 1998) . About 73% by mass of acoustic targets were zooplankton smaller than krill, which net hauls revealed to be principally the amphipod Themisto gaudichaudii and copepods (Brierley & Watkins 1996) . In 1994 the krill taken by nets were strongly bimodal, with the main modes at ca 40 and 50 mm. A similar, though less marked, bimodality characterised the predator samples taken at the time of the main nethaul collection (mid-January) but the larger mode had virtually disappeared from predator samples by early February .
In 1986, acoustic surveys of krill distribution and abundance were carried out as radial transects (with a centre of origin at Bird Island), commencing 10 to 15 km offshore from Bird Island and extending to 135 km distance (see Hunt et al. 1992 , Veit et al. 1993 ). This survey, covering soine 45 000 km2, therefore also covered the foraging areas of the Bird Island populations of the predators in the study to a broadly similar extent as the 1994 survey. The 1986 survey showed krill to be widespread and abundant (see, e.g., Veit et al. 1993 Fig. 9 therein) , with a biomass of 29.7 g m-2 (C. Goss unpubl, data) and forming >75 % of zooplankton targets. Krill taken by nets had more individuals of smaller sizes, fewer of the larger sizes and fewer sexually mature females than those taken by predators, but were otherwise similar (Hill et al. 1996 , Reid et al. 1996b ).
Although it is clear that the 1986 krill biomass was about (or at least) 4 times greater than in 1994, comparing the overall krill biomass in these 2 years is complicated by differences in survey design, acoustic equipment, and methods of data processing and analysis.
The area to the northwest of South Georgia was also surveyed in 1996 using equipment and analysis techniques similar to those employed in 1994; this produced an estimate of krill biomass of 26.7 g m-2 (Brierley et al. 1997) . In terms of predator performance, 1996 was very much closer to 1986 than to 1994. Thus in 1996 breeding success was similar to (grey-headed albatross, macaroni penguin and Antarctic fur seal at 56, 48 and 80% respectively), or better than (blackbrowed albatross and gentoo penguin at 45 and 79% respectively) the overall average (up to 1995) and the values for 1986 (Table 5) . Similarly, fledging/weaning masses were 9 % (macaroni penguin), 11 % (female Antarctic fur seal pups), 1 7 % (gentoo penguin) and 20% (male fur seal pups) greater than in 1994 and close to the multi-year average (Table 5 and BAS unpubl. data).
Overall, therefore, we can reasonably conclude on the basis of both absolute and circumstantial evidence that the abundance of krill around northwest South Georgia was at least 4 times greater in 1986 than 1994, and that its availability to predators differed commensurately in these 2 years.
Predator responses to prey availability in 1986
and 1994
Some of the main differences between predator diet and breeding performance in 1986 and 1994 are summarised in Table 6 .
Diet
The amount (by mass) of krill in the diet of predators i,n 1994 was reduced by 88 to 90 %, with compensatory increases in fish (all species) and squid (albatrosses only). The diversity of prey in the diet increased for grey-headed albatross (greater variety of fish species) but not black-browed albatross (though the fish species differed between the 2 years). Gentoo penguin diet diversity remained the same, chiefly because at South Georgia this species basically eats only icefish and krill, with just the proportions changing. Only macaroni penguin diet changed substantially, principally due to the scarcity of krill and the abundant presence of Themisto gaudichaudii, together with small quantities of other non-krill crustaceans (and various fish species) in 1994. lMar Ecol Prog Ser 177. 115-131, 1999 "For black-browed albatross vs macaroni penguin value is 6; average of all 6 pairwise comparisons is 38 bCompared to mean of all other years (see Table 5 ), as no data were available for 1986
Dietary overlap indices in 1986 and 1994 were very trosses maintained meal size at the expense of tnp similar for the 2 albatross species, but overlaps were duration, whereas penguins maintained trip duration greatly reduced in 1994 for all comparisons between at the cost of bringing back much smaller meals. albatrosses and penguins and between macaroni and gentoo penguins (Table 6 ). This suggests that in years of high krill availability, its abundance may be such Breeding success that apparently high levels of dietary overlap can be sustained without causing substantial interspecies
The overall data on breeding success (Table 6 ) indicompetition. In years of lower availability of krill, howcate that there is not a proportionate (linear) transforever, the differences in diet are accentuated, suggestmation of provisioning rate into breeding success. ing a reflection of increased interspecies competition Thus similar 50 to 60% reductions in provisioning rates under these circumstances.
in the 2 albatross species result in a n order of magnitude (91 %) reduction in breeding success of blackbrowed albatross but only a halving in grey-headed Provisioning albatross. This is in accord, however, with the much greater dependence on krill of black-browed albaAll the study species show biparental care throughtrosses, the much reduced tolerance of black-browed out most (in macaroni penguins the males undertake albatross chicks (with faster growth rates and 25% all the brooding care) or all of the chick-rearing period.
shorter fledging period) to fluctuations in food supply In terms of the performance of parents during the part and the greater adaptation of grey-headed albatross of this period covered by the study (Table 6) , meal size chicks to a low energy diet (Prince 1980b, Prince & was similar between years in black-browed albatross, Ricketts 1981, Reid et al, in press ). somewhat smaller in 1994 in other species (least so in Gentoo penguins show a reduction in breeding sucgrey-headed albatross), and differed most (by 91 %) in cess (90%) equivalent to that of black-browed albagentoo penguins. The intervals between meals were trosses. Their sensitivity to changes in krill availability longer in all species in 1994. In the penguins, however, may reflect their very limited foraging range (probably differences were small for macaroni penguin and within 10 km of the colony throughout the year although greater for gentoo penguin each chick still (Williams 1991 , Williams et al. 1992a and their received one meal per day, the same as in 1986 and ~n inability to increase their intake of fish sufficiently to all other years studied (Williams & Rothery 1990) . In compensate (i.e. they could only bring meals of looh of the albatrosses, however, feeding intervals were dounormal mass to their chicks in 1994). bled in 1994. Taken together (see Table 4 ), the rate of In contrast, macaroni penguins show a reduced overenergy delivery to offspring in 1994 compared to 1986 all provisioning rate (similar to albatrosses) but only was reduced by 90% in gentoo penguins (mainly suffer a small reduction in breeding success. They apthrough the reduction in meal size) and by 40 to 50% pear to achieve this by virtue of switching from a diet in the other 3 species, mainly through reduced meal of predominantly krill to one that mainly comprises size in macaroni penguin and by increased duration of amphipods. Such prey are about the same size as the foraging trips in the albatrosses. Thus, in general, albasmaller krill that make up a proportion of their diet (im-portant numerically but much less so in terms of mass) in normal years. However, values for breeding success relate to the number of chicks fledged and not to their subsequent survival. Although the 5 surviving blackbrowed albatross chicks were all at a mass typical of normal years, chicks/pups of all other species were 7 to 20% lighter. The fledging mass of macaroni penguin chicks was the lowest in 8 yr of study so their relatively high breeding success may not necessarily be a good reflection of overall success in terms of fledglings becoming yearlings (see Sagar & Horning 1998). Of other species, Antarctic fur seals showed reduced frequency of occurrence of krill (and more fish), very long foraging trip durations (nearly one order of magnitude greater than in 1986) and high pup mortality (2 to 3 times the rate of typical years), with surviving pups being 15% (females) to 20% (males) lighter than in 1986. Antarctic prions, whose diet was sampled in both 1986 and 1994 switched from chiefly krill (>50% by mass) in 1986 to copepods/amphipods (>g0 % by mass) in 1994 and maintained performance in terms of chick growth rates and productivity (Liddle 1994 .
We are now able to address the 3 questions posed initially. First, the differences in krill availability in 1986 and 1994 are well reflected in the diet of study predators, particularly those mainly dependent on krill (black-browed albatross, gentoo and macaroni penguins and Antarctic fur seals). Second, the only predator in the main study that was able to compensate, at least in part, for the low availability of krill by prey switching was macaroni penguin. This species took substantial quantities of the amphipod Themisto gaudichaudll-as it also did in some other years of low krill availability (e.g. 1991, BAS unpublished data). Antarctic prions also switched to a copepod/amphipod diet and maintained productivity. Third, against this background, the breeding performances in 1994 of the other 2 species most dependent on krill, black-browed albatross and gentoo penguin, were about 10 % of that in 1986, with a diet whose krill contribution was reduced to 10% of that in 1986. In the case of the penguins the decisive factor in reduced breeding performance was the small size of meals; in the case of the albatrosses it was the reduced frequency of delivery. In all species, however, the overall effect of the low krill availability was probably worse than indicated due to the potentially reduced survival of offspring which became independent at significantly lower masses than usual. In addition, reductions in adult survival may be inferred from the failure of breeding populations to recover in 1995 and 1996 to the numbers in or before 1994. Thus the study population of macaroni penguins remained at 640 pairs in 199396 (compared with 912 and 642 in 1993/94 and 1994/5 respectively) 
Comparisons with results of similar studies
There are many studies of seabirds which have shown that marked reductions in breeding success are usually accompanied by some combination of smaller and/or less frequent meals. In this study, however, we are solely interested in the results of other studies where these have investigated the responses of different species of seabirds to changes in prey abundance; there are rather few of these.
The nature of the responses of different species should be viewed in the light of the expectation that species with different characteristics are likely to have different functional responses to changes in prey abundance. In particular, the most direct and straightforward responses are likely to come from species:
(1) with a specialised diet and little ability or opportunity to switch to other prey, and/or (2) with relatively restricted access to prey, whether in terms of feeding habit (e.g. especially surface feeders vs diving species) or foraging range.
Other adaptations have also been suggested as predisposing species to larger and quicker responses to changes in prey, including costs of foraging (e.g. flapping vs gliding flight), behavioural buffers (e.g. amount of non-foraging time which could be used for foraging in a year of low prey abundance) and extent of chick tolerance of food shortage (Furness & Ainley 1984 , Cairns 1987 . However relatively few empirical data are available on any of these topics and, while plausible, they remain to be critically investigated.
Our South Georgia studies clearly support the contention that species such as macaroni penguin, which can switch prey, are more readily buffered against the direct impact of changes in their normal (or alternate) diet than species which cannot, even when of similar feeding habit (e.g. gentoo penguin). The inability of the other species to compensate more effectively for the lack of krill probably relates to (1) inability to costeffectively exploit prey as small as amphipods for the larger predator species (gentoo penguin, albatrosses, fur seals) and/or (2) low densitiedencounter rates with alternative prey (e.g. fish) in habitats restricted horizontally (gentoo penguin) or vertically (albatrosses).
There is additional evidence relating to the effects of restrictions in access to prey. Thus penguins appear reluctant to increase foraging trip duration at the expense of meal size, presumably because travel time is already severely constrained by their flightless habit and resulting high costs of transport. In contrast, albatrosses readily extend trip duration, presumably because the low travel costs of high speed gliding flight mean they can easily and economically return to their offspring once they have acquired sufficient food to make the trip worthwhile. Their constraint, however, is presumably the low encounter rate with suitable prey in an essentially 2-dimensional habitat from which prey can readily escape by downward movement. In contrast, penguins' diving and swimming capabilities make them well able to follow profitable patches of prey. Under the conditions of very low prey abundance in 1994, these different constraints combined to produce rath.er similar results, in terms of overall provisioning performance, for all 4 species.
The studies most comparable to ours are those carried out in Shetland, particularly in the years 1990 and 1991, the latter having a 40-fold greater abundance of lesser sandeel Ammodytes marinus, the main prey of local seabirds ( Table 7) . Analysis of data prior to 1990 (Furness & Barrett 1991) had ind~cated that relationships between reproductive performance and sandeel abundance were: (1) poor in great skua Catharacta skua, northern fulmar Fulmarus glacialis and northern gannet Morus bassanus because of prey switching, (2) poor in red-throated diver Gavza stellata, common shag Phalacrocorax aristotelis and common guillemot Uria aalge because they had access to benthic habitat, and, (3) better for the 5 remaining species, which formed a roughly graded sequence from Arctic tern Sterna paradisaea and Arctic skua Stercoranus parasiticus to kittiwake Rissa tridactyla, to razorbill Alca torda and to puffin Fratercula arctica.
The latter sequence is also roughly in relation to the degree of specialisation of diet, extent/distance of foraging and surface feeding versus diving capability. In general there were few differences in egg/clutch size and often little difference in hatching success, most of the responses showing up in the chick-rearing period. The detailed research in 1990 and 1991, however, tended to reveal a more complex picture, with clear responses for shags (Monaghan 1996) and common guillemot and egg and chick size differences in Arctic tern (Suddaby & Ratcliffe 1997)-the latter being consistent with effects commonly detected in studies of gulls (review in Pierotti & Annett 1990).
For no species involved (Table 7) was there evidence of a switch in diet away from sandeels in 1990 (though the characteristics of this prey differed somewhat between years). The differences in fledging success between years were very marked and this was the main contributor to the overall difference in breeding success. At least as evidenced by change in foraging trip duration, provisioning rate changed substantially between the 2 years. For the common guillemot there was additional evidence of change in the amount of time spent foraging (i.e. not in the colony), in time spent diving and in the number of dives per bout, indicating that it was able to adjust foraging behaviour and time budgets in response to food abundance but not sufficiently to cope with the low food availability in 1990 . The results for kittiwake are similar to those found by Regehr & Montevecchi (1997) in Newfoundland in comparing 1992 and 1993, years of low and high food availability respectively. In 1992 more l-egg clutches were laid, egg volumes were smaller (but not significantly so) and hatching success was similar, but fledging success was only 7 % (compared with 68% in 1993). However, Regehr & Montevecchi (1997) noted that part of the difference in breed- ing success resulted from increased predatory activities of gulls in the year of low marine food availability. Despite this caution, however, a reasonably coherent picture of relationships between differences in provisioning rate and productivity is developing with respect to years of high and low availability of prey to seabirds. Key variables determining the nature of species' responses bertainly lnclude the degree of dietary specialisation (and availability of alternative prey) and restrictions in foraging habitat, especially in terms of trade-offs between foraging adaptations, costs of transport and rates of encountering prey. Detailed multispecies studies over consecutive years are well-placed to refine the nature of the responses, particularly to prey shortage. It is important that as many as possible of the key variables (population size, diet, hatching and fledging success, meal mass and frequency) should be measured for each species.
In these circumstances a clear picture should emerge of differences in reproductive performance and success in relation to major (e.g. order of magnitude) changes in prey abundance/availability. However, for many purposes, and especially for using indices of predator performance in the context of the management of marine systems-particularly where fisheries resources are involved-it is vital to have measures of prey abundance/availability independent of those of predators. A few studies have managed these in some years, but there are very few current studies able to relate a variety of indices of predator performance to estimates of prey abundance at spatio-temporal scales appropriate to estimating, or ~nferring, relationships between prey abundance and availability to predators.
Such studies are a pre-requisite for the quantitative description of the functional relationships necessary to allow data on seabird performance to be accepted as a valid accompaniment to-and even a substitute forconventional approaches to resource management in marine systems. 
